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Induction-detection electron spin resonance with spin sensitivity of a few tens of spins Electron spin resonance (ESR) is a spectroscopic method that addresses electrons in paramagnetic materials directly through their spin properties. ESR has many applications, ranging from semiconductor characterization to structural biology and even quantum computing. Although it is very powerful and informative, ESR traditionally suffers from low sensitivity, requiring many millions of spins to get a measureable signal with commercial systems using the Faraday induction-detection principle. In view of this disadvantage, significant efforts were made recently to develop alternative detection schemes based, for example, on force, optical, or electrical detection of spins, all of which can reach single electron spin sensitivity. This sensitivity, however, comes at the price of limited applicability and usefulness with regard to real scientific and technological issues facing modern ESR which are currently dealt with conventional induction-detection ESR on a daily basis. Here, we present the most sensitive experimental induction-detection ESR setup and results ever recorded that can detect the signal from just a few tens of spins. They were achieved thanks to the development of an ultra-miniature micrometer-sized microwave resonator that was operated at $34 GHz at cryogenic temperatures in conjunction with a unique cryogenically cooled low noise amplifier. The test sample used was isotopically enriched phosphorus-doped silicon, which is of significant relevance to spin-based quantum computing. The sensitivity was experimentally verified with the aid of a unique high-resolution ESR imaging approach. These results represent a paradigm shift with respect to the capabilities and possible applications of induction-detection-based ESR spectroscopy and imaging. V C 2015 AIP Publishing LLC. Magnetic resonance (MR) is one of the most powerful methods of scientific observation. MR is concerned mainly with methodologies for observing nuclear spins (Nuclear Magnetic Resonance, NMR) and electron spins (Electron Spin Resonance, ESR). It has a wide array of applications, ranging from the determination of chemical structure and molecular dynamics to medical imaging and quantum computing. Despite the success of MR methodologies, their application is typically limited by sensitivity (the number of spins that can be detected) and by their coarse spatial resolution. For example, even in ESR, which is inherently more sensitive than NMR, in the most favorable case of a sample having a narrow ESR spectrum, commercial ESR systems require at least 10 9 spins to achieve a measurable signal during 1 s of acquisition.
1 Such limited sensitivity also restricts the available imaging resolution of heterogeneous samples. Therefore, while the laws of physics do not set a limit on the spatial resolution of ESR (at least up to the atomic length scale), in practice, as its voxel size decreases, the image contains fewer and fewer spins and thus quickly comes up against the sensitivity limitation barrier. For example, commercial systems, e.g., from Bruker, have $25-lm resolution. Overcoming these two barriers of limited sensitivity and spatial resolution will pave the way for transformative developments in the experimental sciences.
While commercial systems have limited sensitivity and imaging resolution, recent work on "home-made" systems has pushed further the boundaries of induction-detection ESR sensitivity and imaging resolution, reaching a sensitivity of $3.2 Â 10 4 spins/ͱHz (i.e., with 1 s of acquisition time), 2 and a spatial resolution (limited by the sensitivity) that is better than $500 nm. 2, 3 Nevertheless, these results are still far from the ultimate sensitivity limit of a single electron spin, and the corresponding spatial resolution is still too coarse-grained for most modern scientific and technological applications.
The abovementioned values for sensitivity and resolution refer to ESR systems that employ induction-detection, i.e., they make use of Faraday's law for the detection of ESR signals by means of a pick-up coil or a microwave (MW) resonator. Induction-detection is the basic principle underlying all commercial state-of-the-art ESR systems: it allows the acquisition of high-resolution spectroscopic data using complex pulse sequences; it facilitates the use of efficient imaging methodologies (meaning that signals are acquired and averaged in a parallel fashion from the entire sample); and it features convenient sample handling. Whereas, our work is focused on induction-detection ESR, other groups have looked into alternative detection methods in an attempt to increase sensitivity and resolution. One of the best-known alternative approaches is magnetic resonance force microscopy, 4 which detects the force inflicted by the spins on a sharp magnetic tip and has demonstrated a single-electronspin detection capability and 2D imaging with nanoscale resolution. 5 Another method is Scanning Tunneling Microscopy ESR (STM-ESR), 6 which combines the high spatial resolution of STM with the electronic spin sensitivity of ESR and can measure the signal from a single spin with subnanometer 2D resolution. Other methods of possible relevance are spin-polarized STM, 7 electrically detected magnetic resonance, 8, 9 and spin detection via diamond nitrogen-vacancy (NV) centers. 10 While these and other related techniques are very impressive, they all have inherent limitations that result in limited applicability. These limitations refer to the fact that said techniques [a] are highly specific to particular samples and experimental conditions, [b] require complex procedures for sample preparation, [c] lack advanced spectroscopic capabilities, [d] operate efficiently only on or very close to the surface (a few nanometers), and [e] use mechanical movement to scan and image samples in a sequential manner. Thus, in many ways, they can be considered only as complementary to induction-detection schemes. As a result, the vast majority of useful scientific magnetic resonance data can currently be collected only using traditional induction-detection methods; and it seems likely that this trend will continue in the foreseeable future. Thus, every small (and certainly large) improvement in induction-detection capabilities could immediately be translated into better scientific data and a wider scope of applications, which is at the heart of the issues presented in this manuscript.
The key to our previous improvements in highsensitivity ESR was the introduction of a unique type of MW resonator, known as an ultra-miniature surface loop-gap microresonator. 11, 12 Such type of resonator, with a typical size of $20 lm, was operated in our previous efforts at a frequency of $15 GHz and cryogenic temperatures, in conjunction with a cryogenically cooled ultra-low-noise amplifier, and showed a capability to measure less than 1000 electron spins in $1 h of averaging time. 2 In principle, the smaller the resonator that collects the ESR signal, the better its absolute spin sensitivity. 13, 14 Furthermore, the higher the static field employed (larger microwave frequency), the more sensitive the setup could be. Our previous efforts to use even smaller resonators, but still at $15 GHz, fell short due to the difficulty of efficient coupling of the MW energy (with a wavelength of $20 mm) into and out of such small micronsized structures. Here, we significantly improve upon our previous attempts by moving to a larger static field corresponding to MW frequency of $34 GHz (wavelength of $9 mm). This enables us to couple the energy to a much smaller resonator, with typical dimensions of $2 lm. The combination of a smaller resonator and large static field, together with the use of a unique cryogenically cooled preamplifier to limit noise contribution, enabled us to obtain spin sensitivity of just $6697 spins/ͱHz. Such capability is of significance to a variety of scientific and technological fields. For example, it can enable structural biology research based on small amounts of proteins and micron-sized single crystals; it can be used to provide 3D noninvasive mapping of semiconductor devices; and it may be used as a foundation for spin-based quantum computers. Below we provide the experimental results that actually confirm the capability to measure such small magnetization using induction detection. The ESR measurements were carried out using the "home-made" pulsed imaging system described in details in Ref. 3 . Briefly, the system includes a wideband microwave spectrometer that covers the 6-18 and 32-37 GHz range (Qband), a microimaging probe head, gradient current drivers for spatial encoding of the spins, and control software. The system is capable of acquiring high-resolution four-dimensional ESR images (3 spatial axes and 1 spectral axis). For the purposes of the present work, we developed a unique cryogenic microimaging probe head that is at the core of the system and facilitates its high sensitivity. Figure 1 head and the miniature resonator used in this work. It resembles our previous cryogenic imaging probe, which operates at a frequency of $12-18 GHz. 2 The main difference between the present configuration and the older design is the use of a miniature surface loop-gap resonator that now operates at $34 GHz and has an inner width of only 2 lm, with an overall effective volume 15 of just 27 pl. Details of the resonator, which is made by photolithography with copper deposited on a LaAlO 3 single-crystal substrate, are provided in Fig. 1(c) . In addition, we employed a unique cryogenically cooled low noise preamplifier 16 with noise temperature of $7 K. Another critical component that had to be replaced in the old design is the circulator. While there is no commercially available circulator for Q-band that is specifically made to operate at cryogenic temperatures and has magnetic shielding, it turns out that model D3C2640 from DiTom Microwave Inc., exhibited adequate performances, even at low temperatures and under a static field of $0.3 T (we provided partial shielding from outside the cryostat).
The sample used in the present experiments is made of a thin 10-lm layer of phosphorus-doped 28 Si ( 28 Si:P) with 10 16 P atoms per cubic centimeter with 28 Si purity of more than 99.9%, placed on a high-resistivity p-type silicon substrate. 17 At a temperature of 10 K, its measured T 1 , T 2 , and T 2 * values were found to be 1 ms, 260 ls, and 0.8 ls, respectively.
In order to quantify the sensitivity of the setup described above, the experiment included two simple measurements: acquiring the signal of the 28 Si:P sample when the static field is exactly on-resonance; and then measuring the noise under the exact same experimental conditions but well offresonance with respect to the static field. The results of these two measurements for an averaging time of 1 s are shown in Fig. 2 , and the experimental details are provided in the caption. The ESR signal over a bandwidth of 1 MHz divided by the standard deviation of the noise (around the spectral position of the signal) was found to be $291.
The only part missing in this ESR sensitivity jigsaw puzzle is the provision of reliable information regarding the number of spins actually measured by our microresonator. Inspection of the experimental setup and the sampleresonator layout (Fig. 1(b) ) reveals that the sample is relatively very large (and therefore contains a relatively large number of spins). However, the actual number of spins that are being excited and detected by the resonator is much smaller due to the confined microwave magnetic field (B 1 ) mode of the resonator (Fig. 1(c) ). Based on the calculated three-dimensional B 1 field of the resonator, it is possible to numerically calculate the expected signal from any given part of the sample.
18 Figure 3(a) shows the result of such calculation, assuming a flip angle of 570 for the first pulse in the CPMG sequence (instead of the nominal 90 ) at the point of the strongest B 1 , just at the center of the resonator. This flip angle was chosen based on the calculated B 1 /ͱW of the resonator (which is 1290 G/ͱW), and the good correspondence it generates between the calculated and measured ESR signal distribution map (see below, Fig. 3(b) ). (When employing other power levels, different images appeared due FIG. 2 . ESR signal and noise in the spectral domain for the 28 Si:P sample at 10 K, around a center frequency of 34.1 GHz using a MW peak power of 0.2 mW. For signal acquisition, we employed a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with a repetition rate of 600 Hz, p/2 pulse length of 30 ns, p/2-p pulse separation, s ¼ 1.2 ls, and a data acquisition window of 1 ls. Data are averaged from shot to shot and also along each of the 160-p-pulse CPMG echo trains, resulting in overall 600 Â 160 ¼ 96 000 averages in 1 s. Fig. 1(c) ). (b) Measured 2D ESR signal distribution employing ESR micro-imaging technique, using the imaging pulse sequence described in Ref. 24 and the same CPMG sequence parameters as in Fig. 2 . The red arrows show the correspondence between the predicted and measured signal distribution that is modulated due to B 1 variation when moving away from the center of the resonator.
to the different flip angles in various parts of the sample.) Based on this calculation of the 3D ESR signal map, it was found that most of the signal comes from a volume of $100 lm 3 , which corresponds to the measurement of $1 000 000 spins. Support for this claim comes from our microimaging experiments, in which we make use of the high-resolution pulsed ESR imaging capability that is integral to our cryogenic imaging probe head and provides an actual image of the parts in the sample from which the signal is collected. This two-dimensional imaging result, provided in Fig. 3(b) , shows good qualitative resemblance to the numerical electromagnetic simulations, but the corresponding volume from which the signal is collected is found here to be somewhat larger than the calculated results, namely, $6 Â 22 Â 1.5 lm (the extension along the z-axis, which is not imaged in this case, is conservatively assumed to be 1.5 lm, due to the fast decay of the B 1 field out of the resonator plane; see Fig.  1(c) ). This means that we measure a signal from $1.95 Â 10 6 spins. From now on, we will assume that the number of spins in the sample that are in our measurement zone is indeed 1.95 Â 10 6 , although we believe that this slightly overestimates the actual number of spins since our image may be prone to some smearing artifacts due to possible vibrations when operating our pulsed field gradients at a high field of $1.2 T. Let us therefore calculate, on the basis of these numbers, the sensitivity of the setup in terms of the smallest magnetization (magnetic moment) it can actually detect by induction detection. The 1.95 Â 10 6 spins provided us with a signal-to-noise-ratio (SNR) of $291 in 1 s of acquisition time or $6697 spins/ͱHz. The maximum available (reasonable) measurement time of our setup is $12 h, and averaging over this time period provides an additional factor of ͱ(3600 Â 12) ¼ 208 to the sensitivity (this has been verified in many of our past experiments, when we imaged and acquired data for such long periods of times with a corresponding increase in sensitivity 2, 3 ). This brings the minimum number of detectable spins in our setup to 6697/208 $ 32.
While the total number of spins required to provide a measurable signal in our setup is $32, it is worthwhile to estimate the actual net number of spins that contribute to the signal. This can be calculated based on the known Boltzmann population distribution of the electron spins in their Zeeman levels (note that the statistical spin polarization is averaged out in multiple averaging acquisition schemes). At 10 K and a field of $1.2 T, only 8% of the spins actually contribute to the signal, which brings us to a net magnetization originating from just 0.08 Â 32 ¼ 2.56 spins. Furthermore, in the test sample of phosphorus-doped Si there are two spectral lines (due to the phosphorus nuclei's hyperfine interaction 19 ), only one of which was measured by us, meaning a further decrease by a factor of 2 of the actual magnitude of the spins' magnetization measured. Therefore, when considering the Boltzmann population factor our results correspond to achieving the detection sensitivity of the net magnetization originating from just a single spin ($1.3 spins, to be exact) in an overnight experiment.
In conclusion, an experimental setup is described that enables the detection of a few tens of spins, which correspond to the net magnetization of approximately a single electron spin using a classical induction-detection ESR experiment. This is $4-5 orders of magnitude better than the best commercial systems and more than one order of magnitude better than previous experimental achievements. In many spin systems, one can incorporate pre-polarization schemes that can fully polarize the spins' population and thus eliminate the Boltzmann factor. 20, 21 This may ultimately lead to a capability to detect samples whose total number of spin is just one. Single-spin ESR with induction detection constitutes a paradigm shift in a field that traditionally relied on large numbers of spins, a condition that significantly limited its strength. Our results are thus of immediate importance to the field of spin-based quantum computing, which heavily relies on an ability to detect single spins. The spin system we measured is also very popular in this field and the fact that we relate to net polarized magnetization as a sensitivity ruler goes along well with the requirement and the availability of techniques to polarize the electrons as a requisite for any quantum computing algorithm. 22, 23 An additional benefit of the presented induction-detection setup is that it does not require the measurement apparatus to be in nanometer proximity to the spin system as in probe-based methods (but rather at a distance of $1 lm). Furthermore, it can be coupled with high-resolution MRI-like imaging methods for parallel spatially selective addressing and manipulation of spins, which brings all the power of conventional MR to the nanoscale world. This parallel nature of induction detection-based imaging assures that the averaging time that enables the detection of a single spin would be the same also for measuring many spins that must be individually addressed and/or imaged. Near-future improvements employing even smaller surface microresonators at a field of $3.4 T (95 GHz), and possibly replacing the copper layer with a superconducting one with high quality factor can further increase the sensitivity of the approach, which may then be able to cope with the ultra-high-sensitivity spin detection of additional types of samples, not only those based on 28 Si:P spins.
